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We investigated anomalous and topological Hall effects (AHE and THE, respectively) in SrRuO3 (SRO) ultra-
thin films with SrTiO3 (STO) capping and ionic liquid gating. STO capping of films results in sign changes in
the AHE and modulation of the THE. In particular, the THE, which is still under debate in bare SRO ultra-thin
film, is strongly modulated and even vanishes in 4 unit cell (uc) films. In addition, the critical thickness for
the metal-insulator transition is reduced from 4 to 3 uc with restored ferromagnetism. We also performed ionic
liquid gating to vary the surface electric field. Drastic changes in the AHE and THE are observed with different
gate voltages. Our study shows that the THE on top of AHE can be controlled through the strength of the
inversion symmetry breaking field.
1. INTRODUCTION
Ultra-thin film systems can host a range of physical prop-
erties that differ from those of bulk systems due to natural
inversion symmetry breaking (ISB) [1, 2]. Thin films of an
itinerant ferromagnetic oxide, SrRuO3 (SRO), have recently
attracted widespread attention because of unresolved phenom-
ena in the ultra-thin limit. For example, the anomalous Hall
effect (AHE) becomes very small, and even reverses its sign,
in ultra-thin SRO films due to the change in the Berry phase in
the momentum space [3–5]. Another intriguing phenomenon,
the topological Hall effect (THE), also emerges in the ultra-
thin limit [6–8]. Numerous studies on magnetic materials
have suggested that the THE appears due to the emergent elec-
tromagnetic field of magnetic skyrmions [9–11].
It has been reported that ISB can induce surface distortions
(atomic rumpling) on surfaces [1, 12–15] and thus also the
Dzyaloshinskii-Moriya interaction (DMI), which can gener-
ate the THE, in SRO ultra-thin films [6, 16–18]. However, an
alternative interpretation was recently proposed, in which the
THE arises from the existence of inhomogeneous regions with
different AHEs and coercive fields due to the inevitable thick-
ness inhomogeneity [19–25]. Numerous subsequent studies
on the THE in ultra-thin SRO films have been reported [6–8];
however, the mechanism of the THE in SRO ultra-thin films
has yet to be resolved.
The key difference between the two scenarios is whether
or not ISB is required; the THE scenario requires ISB, while
the inhomogeneous one does not. Therefore, if the ISB (or
the electric field on the surface) can be controlled, the debate
may be resolved. It was previously demonstrated that ISB
can be removed by having a capping layer [5, 26]. There-
fore, our strategy is to grow a SrTiO3 (STO) capping layer
with various thicknesses and also perform ionic liquid gating
to control ISB in ultra-thin SRO films. We find that the THE
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in our film can be controlled by restoring the inversion sym-
metry through STO capping, which cannot be accounted for
by combinations of different AHEs that arises from thickness
inhomogeneity [19–23, 27]. Moreover, Hall effect measure-
ments with ionic liquid gating on SRO ultra-thin films support
a similar conclusion.
2. METHOD
High-quality STO-capped ultra-thin SRO films were grown
on atomically flat TiO2-terminated STO (001) substrates
(Shinkosha Co. Ltd.) by pulsed laser deposition (PLD).
The STO substrates were pre-annealed at 1,100 ◦C under
an oxygen partial pressure of 5 × 10−6 Torr. SRO layers
were deposited at 700 ◦C with an oxygen partial pressure of
100 mTorr. A KrF excimer laser was used with an energy flu-
ence of 2 J/cm2 and a 2 Hz repetition rate. After the SRO
growth, STO capping layers were deposited at 700 ◦C with
an oxygen partial pressure of 10 mTorr, energy fluence of
1.2 J/cm2 and 2 Hz repetition rate. The entire growth pro-
cess was monitored using in situ reflection high energy elec-
tron diffraction (RHEED).
For transport measurements, 60 nm Au electrodes were
deposited on the films using an e-beam evaporator. Trans-
port measurements were conducted using a Physical Property
Measurement System (PPMS; Quantum Design Inc.). Resis-
tivity and Hall measurements were conducted by measuring
VR and VH with the four-probe method. Diethylmethyl(2-
methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide
[DEME-TFSI] was used as the ionic liquid for ionic liquid
gating. An Au top electrode was used for application of the
gate voltage, which was set at 220 K.
3. RESULTS
Figure 1(a) shows a schematic diagram of a t unit cell (uc)
SRO thin film on an STO substrate capped with n uc STO. Fig-
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FIG. 1. Characterization of films. (a) Schematic of SrRuO3 (SRO) /SrTiO3 (STO) thin films on SrTiO3 (STO) (001) substrate. t unit cell
(uc) (t = 2 ∼ 4) SRO capped with n uc (n = 1 ∼ 10) STO (b) In-situ reflection high-energy electron diffraction (RHEED) intensity from
(upper) 4 uc SRO and (lower) 10 uc STO heterostructures. (c) RHEED patterns of SRO and STO layers. (d) Surface topography of a 4 uc
SRO thin film capped with 10 uc STO. (e) X-ray diffraction θ-2θ scan of 50 uc STO thin film on a (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) (001)
substrate. The position of the STO (002) peak is consistent with the report in Ref. [28], which shows that our STO thin film is stoichiometric.
(f) Photoemission spectroscopy data of 4 uc SRO (blue), 10 uc STO on 4 uc SRO (red), and STO with oxygen vacancies (black). Closed
inverted triangles indicate the O 2p peak in each sample. The position of the O 2p peak of STO on 4 uc SRO is consistent with that of 4 uc
SRO. In deoxidized STO, the O 2p peak moves to the higher energy side and in-gap states (open inverted triangles in the inset) emerge (inset).
ures 1(b) and (c) show the RHEED intensity plots and patterns
for the SRO and STO. The deposition rate of the SRO (STO)
was 20 (10) seconds. Figure 1(d) shows an atomic force mi-
croscopy (AFM) topographic image of a 4 uc SRO film with
a 10 uc STO capping layer, and demonstrates the atomically
flat surface of the SRO/STO heterostructures.
To optimize the growth conditions for the STO thin films,
the stoichiometry of the STO thin films is verified by X-ray
diffraction (XRD) and in-situ ultraviolet photoelectron spec-
troscopy. It was suggested in a previous report that the stoi-
chiometry of the STO thin film can be verified by measuring
the out-of-plane c-axis lattice constant. We grew 50 uc STO
thin films on a (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrate
and performed θ-2θ measurements (Fig. 1(e)). We found that
the c-axis lattice constant of our STO film is consistent with
the previous result [28], showing that the ratio between the Sr
and Ti atoms is stoichiometric.
Figure 1(f) shows He-Iα (21.2 eV) photoemission spectra
from 4 uc SRO (blue), a 10 uc STO capping layer on 4 uc SRO
(red), and a deoxidized STO substrate (black). The position of
the O-2p peak of the 10 uc STO capping layer on 4 uc SRO is
consistent with that of 4 uc SRO. In deoxidized STO, however,
the O-2p peak moves to the higher energy side and in-gap
states appear due to oxygen vacancies (inset of Fig. 1(f)).
Since no in-gap states are observed in the STO-capped film,
we conclude that our STO has, if any, a negligible number of
oxygen vacancies.
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FIG. 2. Resistivity and Hall effect results of t uc (t = 2 ∼ 4) SRO
films with 10 uc STO capping layer. (a) Resistivity of 10 uc STO-
capped SRO for a range of thicknesses. A metal-insulator transition
occurs between 2 and 3 uc SRO films. (b) Hall effect measurements
of 4 uc SRO thin films with and without the STO capping layer. The
sign of the anomalous Hall effect (AHE) changes and the topological
Hall effect (THE) almost disappears when STO is capped on the 4 uc
SRO film.
3Figure 2(a) show the thickness-dependent resistivity of the
SRO thin films with a 10 uc STO capping layer. The Mott-
Ioffe-Regel (MIR) limit is used to identify the threshold be-
tween the metal and insulating states of SRO film. The MIR
limit (represented by the horizontal dashed line in Fig. 2(a))
at which the mean free path becomes comparable to the in-
teratomic distance is given as ρMIR = ha/e2, where h,
a = 3.93 A˚ and e are the Planck constant, lattice constant and
electron charge, respectively [29, 30]. Here 3 uc SRO shows
metallic behavior, whereas 2 uc SRO is an insulator. Consider-
ing that 3 uc SRO without an STO capping layer is insulating
(see Fig. 3(a)), we know that capping with an STO layer de-
creases the critical thickness of the metal-insulator transition
(MIT) from 4 to 3 uc.
Figure 2(b) shows the effect of the STO capping layer on
the Hall effect in 4 uc SRO film. B. Sohn et al. [6] ob-
served the THE in SRO ultra-thin films and argued that the
ISB in ultra-thin films allows DMI, which in turn induces the
THE. We see that the 4 uc SRO film without an STO cap-
ping layer shows a strong THE. However, when the SRO films
are capped with STO layers, the THE almost disappears and
only the AHE part (the rectangular section of the hysteresis
loop) remains (see Supplementary Information for details).
The vanishing THE can be attributed to the fact that the inver-
sion symmetry restored by STO capping alleviates the electric
field on the SRO surface and weakens the DMI. This clearly
rules out the inhomogeneous AHE scenario and suggests a
topological mechanism as the origin of the THE in our 4 uc
SRO films. This point will be discussed further.
It is well-known that the THE is enhanced in the ultra-thin
regime [16]. Hence, we can expect the THE to be stronger
in thinner SRO films. As 3 uc SRO film becomes a ferro-
magnetic metal with STO capping, as seen in Fig. 2(a), we
decided to investigate the AHE and THE in 3 uc SRO films
with various STO capping layer thicknesses. In Fig. 3(a), we
compare the resistivities of 3 uc SRO films with and without
a 10 uc STO capping layer. Originally insulating bare 3 uc
film becomes a ferromagnetic metal with a Curie temperature
of 110 K when an STO capping layer is applied, as indicated
by a kink in the derivative of the resistivity. This allows us to
study the behavior of the Hall resistivity of STO-capped 3 uc
SRO films.
Figure 3(b) shows the Hall measurement results. As dis-
cussed above, 3 uc bare SRO film is a nonmagnetic insu-
lator and we thus observe a vanishing Hall signal. On the
other hand, clear AHE and THE appear in the STO-capped
film. Following previous studies [16, 17], we can explain
the Hall resistivity of SRO films using three terms: ρxy =
ρOHE+ρAHE+ρTHE (the ordinary Hall effect (OHE), AHE,
and THE, respectively). Here, Hall data are presented with-
out the OHE contribution. As shown in Fig. 3(b), we define
ρAHE as the saturated ρxy under a high field, and ρTHE as the
difference between the maximum ρxy and ρAHE.
To shed more light on the capping effect, we measured
ρxx and ρxy for various STO capping layer thicknesses. Fig-
ure 3(c) shows the ρxx measurement results for various STO
thicknesses. With only 1 uc of STO capping, the system jumps
to a metallic state. Thereafter, ρxx slowly decreases with in-
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FIG. 3. Effects of an STO capping layer on metallicity and Hall
effects in 3 uc SRO. (a) Resistivity of 3 uc SRO thin films with and
without an STO capping layer. 3 uc SRO changes from an insula-
tor to a ferromagnetic metal when it is capped with an STO layer.
(Inset) Derivatives of the resistivities of the two systems. (b) ρxy of
3 uc SRO thin films with and without STO capping layer. The AHE
hysteresis loop shows that ferromagnetism exists along with the THE
in STO-capped 3 uc SRO, whereas no Hall signal is observed in bare
film. The anomalous and topological Hall resistivities are defined as
ρAHE and ρTHE, respectively, in the figure. (c), (d) STO thickness-
dependent ρxx and ρxy of SRO(3 uc)/STO(n uc).
creasing STO capping layer thickness. Figure 3(d) shows the
corresponding ρxy . It can be clearly seen that ρAHE increases
with the thickness of the capping layer. On the other hand,
ρTHE decreases with the thickness. Note that the THE at
3 uc, though small, is more pronounced than that of the STO-
capped 4 uc SRO film. We attribute this to incomplete relax-
ation of the stronger rumpling in 3 uc bare SRO film.
We analyzed the Hall measurement data for
SRO(3 uc)/STO(n uc) as a function of temperature.
Figure 4(a) shows the temperature-dependent ρAHE in
SRO(3 uc)/STO(n uc). As the STO thickness increases, the
overall ρAHE becomes larger, and the sign reversal temper-
ature (filled inverted triangles) increases. It has previously
been reported that the sign and magnitude of ρAHE can
be controlled by the thickness of the film in the ultra-thin
limit [4]. We find that ρAHE can be controlled not only by the
thickness of the SRO, but also by the thickness of the capping
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FIG. 4. Temperature-dependent AHE and THE for various STO
capping layer thicknesses. Temperature-dependent (a) ρAHE and
(b) ρTHE of SRO(3 uc)/STO(n uc) films. Filled inverted triangles
indicate the temperature for a sign change in ρAHE, while open tri-
angles mark the locations of maximum ρTHE. ρTHE is smaller with
a thicker STO capping layer and lower temperature. (c) A schematic
showing the effect of the STO capping layer. As the STO capping
layer becomes thicker, ρTHE decreases while ρAHE increases.
layer. On the other hand, the maximum ρTHE, the location of
which is marked by open triangles, decreases with increasing
STO capping layer thickness, as shown in Fig. 4(b).
The effect of the STO capping layer on the SRO ultra-thin
film is summarized in the schematic shown in Fig. 4(c). Bare
SRO 3 uc does not exhibit the AHE or THE due to its insu-
lating nature. Adding an STO capping layer on the SRO 3 uc
film turns the film into a ferromagnetic metal and generates
both the AHE and THE. As the thickness of the STO capping
layer increases, ρTHE decreases but ρAHE further increases.
These changes in the sign and magnitude of ρAHE have been
reported in SRO ultra-thin films, and it has been suggested that
the magnetization of SRO thin film is a key factor determining
the ρAHE [4]. According to that proposal, ρAHE turns from
negative to positive when the magnetization becomes larger
than 0.5 µB /Ru. Considering that the sign-changing temper-
ature of ρAHE (filled inverted triangles in Fig. 4(a)) increases
as the STO capping layer thickness increases, we speculate
that the magnetization of SRO thin film also increases with
STO thickness. This tendency is also consistent with the case
of thicker SRO film [31]. Further study is necessary to verify
this conjecture on the magnetization of SRO heterostructures.
On the other hand, the decrease in ρTHE with STO capping
may be explained in the following way. On the surface of
thin films, a surface electric field naturally exists and atomic
distortions occur to screen the electric field [32]. There have
been several reports on atomic distortions on the surfaces of
LaNiO3 (LNO) [1, 12, 33] and SRO [6]. Octahedral distor-
tions in ultra-thin films have been found to decrease in deeper
layers [1]. Depositing capping layers on the surface should
result in a reduction in atomic distortions, since the thin film
surface is no longer exposed to vacuum [12]. Therefore, we
believe that the capping layer reduces atomic distortions and
thus ρTHE. Enhancement of metallicity by capping layers has
also been reported for LNO ultra-thin film [12], similar to the
results in this work.
Despite numerous studies in recent years [6, 19–25, 27],
the origin of the hump-like feature observed in the Hall effect
data from bare SRO film is still under debate. It has been sug-
gested that rumpling of SRO ultra-thin film can induce suf-
ficient DMI to form magnetic skyrmions [6], and that such
skyrmions can act as an additional magnetic source and in-
duce the so-called THE, which appears as the hump structure
in Hall effect measurements. An alternative interpretation of
the hump structure has also been proposed, in which a combi-
nation of different AHEs that arise due to thickness inhomo-
geneity can lead to hump-like features in Hall data [19–23].
However, the latter view may not account for the results from
our films since this cannot explain the disappearance of the
THE in the 4 uc SRO film with the STO capping layer (Fig.
2(b)). By contrast, the behavior of ρTHE in STO-capped SRO
heterostructures is well explained by the former view, as the
electric field (or atomic distortions) can be controlled by cap-
ping layers.
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FIG. 5. Hall effect measurement results from ionic liquid-gated
SRO(3 uc)/STO(10 uc). (a) Schematic illustration of ionic liquid
gating experiments. An electric field is applied on the SRO surface
through the ionic liquid. (b) Results for gate voltages of -4, 0, and
5 V. A positive (negative) electric voltage induces an inward (out-
ward) electric field. ρTHE is enhanced with a 5 V gate voltage, but
disappears with a -4 V gate voltage.
Finally, we tried to control the AHE and THE via the ionic
liquid gating method. We chose SRO(3 uc)/STO(10 uc) as the
system, since the STO capping layer is expected to prevent an
irreversible chemical reaction in SRO [34]. Figure 5(a) shows
a schematic illustration of our ionic liquid gating experiment.
We applied an electric field in the inward and outward direc-
tions, and measured the Hall resistivity as shown in Fig. 5(b).
5ρAHE decreases (increases) and ρTHE increases (decreases)
with positive (negative) gate voltage, which corresponds to a
thinner (thicker) STO capping layer.
In ionic liquid gating experiments, an electric field is ap-
plied between accumulated ions on the surface and counter
charges induced in the conductive layer [35]. In the posi-
tive bias case depicted in Fig. 5(a), a strong inward (rel-
ative to the substrate direction) electric field is applied to
the surface of the SRO layer. In several structural stud-
ies of perovskite oxides performed using ionic liquid gat-
ing, elongation of the out-of-plane lattice constant (c-axis
lattice) has been reported with an inward electric field [36–
38]. Coherent Bragg rod analysis (COBRA) studies of 5 uc
La1.96Sr0.04CuO4 film show that the displacement between
the nearest site atoms increases (decreases) with an inward
(outward) electric field [36]. XRD studies report elongation
of the c-axis lattice with an inward electric field, regardless
of the majority carriers [37, 38]. The DMI Hamiltonian,
HDM ≡ Dij · Si × Sj , shows that c-axis elongation should
affect the DM energy. In our case, a positive bias increases
the THE. It has also been observed that skyrmions can be
deformed by applying external strain to the lattice [39]. It
has been reported that a small change in lattice (0.3 %) can
induce large distortions in the skyrmion lattice (20 %) [39];
hence, the THE, a representative transport phenomenon based
on magnetic skyrmions, should exhibit significant modulation
with elongation of the lattice by an electric field.
4. CONCLUSION
In conclusion, both the AHE and THE in an ultra-thin SRO
film can be modulated by capping the film with an STO layer
and gating with an ionic liquid. The AHE and THE change
significantly when the STO layer is capped on the ultra-thin
SRO films, with both varying with STO thickness. We con-
trolled the electric field on the SRO ultra-thin film using the
ionic liquid gating method and found that the AHE and THE
can be controlled with the gate voltage. We attribute the large
modulation of the AHE and THE to an electric field tuned in-
version symmetry, which is directly related to DMI.
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